We report on the characterization of two-dimensionally confined phonon-polaritons at terahertz frequencies in suspended waveguides using Raman scattering. The cross-sectional dimensions of the waveguides are commensurate with the wavelength of the phonon-polariton in forward scattering leading to Raman spectra that depend strongly on the physical size of the waveguide. We use finite element numerical computations to predict the polariton frequencies and find excellent agreement with measurements. Our observations and analysis advance the understanding of polariton propagation in guiding geometries and also have significant practical implications in integrated terahertz generation and stimulated Raman amplification.
The phonon-polariton is a collective excitation comprised of an electromagnetic (EM) wave coupled with a polar lattice vibration. It can be understood in terms of an anticrossing of the constituents' dispersion curves in the material and, as such, is most pronounced when the optical and material vibrations have commensurate frequencies and wavelengths. For many materials of interest, this occurs at frequencies in the terahertz (THz) spectral range. Early observations of this type of polariton 1, 2 in bulk crystals in the 1960s were closely followed by a number of studies focusing on polaritonic confinement and guiding in thin film geometries. [3] [4] [5] [6] [7] These latter studies distinguished confined polaritons from their bulk counterparts and reported on the existence of surface polaritons. Recently, there has been a resurgence in studies related to the phonon-polariton spurred by an increased interest in THz production [8] [9] [10] [11] [12] [13] and imaging 14, 15 in an integrated platform. Integrated polaritonics 16 has the potential to revolutionize next-generation devices operating in the THz portion of the electromagnetic spectrum in much the same way that integrated electronics and integrated photonics have revolutionized the microwave and near-infrared regimes, respectively. To date, though a number of research groups have demonstrated THz generation and propagation in waveguides, there has been no description of polaritonic dispersion, polarization, and modal confinement in fully guided, integrated geometries.
In this work, we show that the forward-scattering Raman spectra from indium phosphide (InP) waveguides contain clear evidence of scattering from guided-mode phonon-polaritons (GMPPs) at THz frequencies and elucidate their modal character through measurements on rectangular waveguides having a variety of cross-sectional dimensions. This characterization is made possible by the use of waveguides suspended in air (see Fig. 1 ) that tightly confine not only the near-infrared (NIR) pump and Stokes signal radiation but also the THz polaritonic radiation that couples the two NIR waves. The large index contrast of the suspended waveguides also serves to efficiently capture the Stokes-scattered signal radiation resulting in strong Raman spectra along the waveguide direction. In our analysis, we propose and experimentally verify a model for waveguide Raman scattering that is analogous to the plane wave method introduced by Henry and Hopfield 1 to predict the frequency of the bulk polariton.
Before we present our observations and analysis for the waveguide structures, it is instructive to discuss what would be expected for plane wave Raman scattering in bulk InP for our geometry and point out the very important difference between forward and backward scattering. Consider a plane wave traveling in the [011] (ẑ ) crystallographic direction with polarization along [100] (x) or [011] (ŷ ) that undergoes scattering either directly forward or directly backward. These axes are the same as defined in Fig. 1 . In this situation, there are four independent (incident, scattered) polarization combinations to consider: (x,x), (x,ŷ ), (ŷ ,x), (ŷ ,ŷ ). Bulk Raman selection rules 17 dictate that there should be scattering from a y -polarized transverse optical (TO) vibration for the (x,ŷ ) and (ŷ ,x) combinations, scattering from an x-polarized TO vibration for the (ŷ ,ŷ ) combination, and no Raman signal for (x,x). Scattering by longitudinal optical (LO) phonons is forbidden by symmetry in the bulk for scattering along ±ẑ .
Wave vector conservation dictates that the TO material vibrations for the backward and forward scattered Raman have very different wavelengths, O(.1 µm) and O(10 µm), respectively, for our material, and hence different coupling strengths with EM waves. For backward scattering, the wavelength is too small to couple strongly with EM waves so the Raman-scattered light would be shifted from the pump by the pure TO frequency in InP, ω TO = 303 cm −1 . For forward scattering, the wavelength is right in the heart of the anticrossing region so the Raman-scattered light would be shifted from the pump by the bulk phonon-polariton frequency at this wavelength; ∼250 cm −1 for our material. We will compare our observations in the waveguides with these predictions for the bulk.
The waveguides used in this work were fabricated by molecular beam epitaxy. A layer of n-doped 18 InP (either 2.5 µm or 4.0 µm thick) was grown on a 2-µm-thick layer of sacrificial InGaAs. By patterning and etching the InP and then selectively etching the InGaAs, the rectangular cross-section InP waveguides are suspended above the substrate supported by lateral tether pairs distributed along their length, as shown in Fig. 1 . Details of the fabrication can be found in Ref. 19 . More than fifty waveguides of this sort, with a variety of cross-sectional aspect ratios, have been studied for this work.
Tapered polarization-maintaining fibers were used to couple light into and out of the waveguides and were aligned to maximize throughput of the pump laser in the fundamental mode. Waveguide modes supporting polarization predominantly along the x axis will be referred to as TM mn modes and those supporting polarization predominantly along the y -axis as TE mn modes, where m and n are the number of field zeros in the y and x directions, respectively. We used laser excitation of the TE 00 or TM 00 mode at the pump frequency and monitored the Raman signal scattered into TE or TM modes at the Stokes frequency. This scattering will be denoted by (X,Y) where X and Y represent the pump mode and the scattered mode polarizations, respectively. 20 The TE and TM polarization designations will also be used below to describe the GMPP modes.
Example forward-scattering, waveguide Raman spectra for all polarization combinations studied in this work are shown in Fig. 2 . The corresponding backscattering spectra are shown in the figure inset over the same frequency range. We detect scattered light in the NIR but all the spectra are plotted versus Raman shift thereby indicating the frequency of the material vibration involved in the scattering. It is important to note that the backward-scattering spectra display a fraction of the forward-scattering signal, and vice versa, due to internal reflections at the waveguide facets. With this in mind, the backscattering spectra are consistent with bulk selection rules [i.e., they are dominated by single peaks at the TO phonon frequency (303 cm −1 )] for appropriate polarization combinations. The forward-scattering spectra, however, are significantly different than predicted for a bulk material.
Although not the the emphasis of this report, the broad feature above 10 THz in these spectra is noteworthy because it is significantly enhanced for forward scattering due to confinement effects. This peak is consistent with scattering with LO phonons and we assert that it arises due to mixing of TO and LO vibrations at the confining surfaces of the waveguide. Mixing of TO and LO phonons at material interfaces, which occurs when the TO polarization direction has a nonzero component along the normal to the interface, has been well documented. [21] [22] [23] [24] In our material, which is lightly n-doped, the confinement-induced TO/LO mixing feature doesn't appear at the LO phonon frequency (345 cm −1 ) as it would for an undoped material; it is shifted to higher energies (and broadened) through interactions with free carriers. This collective excitation is referred to as an LO phonon-plasmon coupled mode. 25 The LO phonon-plasmon feature is less evident in backscattering spectra because the TO wavelengths are two orders of magnitude smaller than for forward scattering. It is discernible, however, in (TE,TE) backscattering because the material vibration in this case is polarized along x and mixes with LO via the vertically confining surfaces that are only 2.5 µm apart. (TE,TM) and (TM,TE) scattering both produce material vibrations polarized along y .
The focus of this report is the multipeaked features below 10 THz in Fig. 2 , which we propose are consistent with scattering by GMPPs in a variety of waveguide modes. In particular, we associate the resolved peaks at 8.75 THz in (TE,TM) and (TM,TE) and at 8.90 THz in (TE,TE) with the production of a GMPP in its fundamental TE and TM waveguide mode, respectively. As we show below, this spectral feature can change significantly with changes in the crosssectional dimensions of the waveguide.
We propose here that for waveguide Raman scattering in which pump light at frequency ω p is converted into a THz signal at ω t (the GMPP) and a light wave at the Stokes-shifted frequency ω s = ω p − ω t , the observed Raman resonances can be accurately predicted by the intersection of the GMPP dispersion and three-wave-mixing phase-matching curves for each set of modes. We now outline our guided-mode model for Raman scattering in the waveguides that accurately predicts the position of these peaks as a function of waveguide cross section.
Since the pump light, the collected scattered light, and the phonon-polariton are all guided in our experiment, we have to consider GMPP dispersion curves and phase-matching curves for all physically reasonable mode combinations. Using wave vector and energy conservation, the modal phase-matching (PM) equation for waveguide Raman Stokes scattering can be written as
where k (PM) t:mn (ω t ) is the magnitude of the effective GMPP wave vector in its TE mn or TM mn waveguide mode at ω t , n eff:ij (ω) is the effective index for the TE ij or TM ij mode evaluated at ω, and c is the speed of light in vacuum. A finite-element electromagnetic mode solver (COMSOL MULTIPHYSICS) was used to calculate the effective modal indices found in Eq. (1). In these calculations, the first-order Sellmeier equation for n-doped InP 26 was used as the dielectric function of the waveguide structures, extrapolated to the appropriate doping level for our material. To produce a phase-matching curve for a particular scattered mode, n eff:00 (ω p ) was calculated along with n eff:mn (ω p − ω t ) over an appropriate range of Stokes-shifted frequencies yielding a table of the kinematically possible GMPP frequencies (ω t /2π ) that could then be plotted versus k (PM) t:mn using Eq. (1). The GMPP dispersion curves near the THz difference frequency, ω t , were also calculated using the finite-element mode solver. In this case, the effective mode indices were calculated for a range of difference frequencies near 9 THz and were then used to construct the dispersion (D) curve according to
The dielectric function used for these calculations accounts for optical phonon resonances and plasmonic effects from the free carriers 25, 27 and is given by
where ∞ is the high-frequency dielectric constant, ω TO and ω LO are the angular frequencies of the TO and LO lattice vibrations, t and e are the phonon and plasmon line widths, and ω e is the Drude plasma frequency given by ω (3.2 cm −1 ), and e = 2.6 × 10 12 s −1 (14 cm −1 ). Surface plots of calculated cross-sectional mode profiles for the two lowest-order even TE GMPP modes of a 5.3 µm × 2.5 µm waveguide are shown at the top of Fig. 3 . The calculated GMPP dispersion curves for these modes and several higher-order modes are plotted in the right panel of Fig. 3 . Crystal symmetry and modal overlap considerations 29 are consistent with the TE mn Stokes signal scattered predominantly by the TE mn GMPP. Accordingly, a section of the TM 00 pump → TE mn Stokes phase-matching curve is plotted on top of each TE mn GMPP dispersion curve. The frequency of the crossing point of these two curves for each mode is the predicted polariton frequency for that mode.
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The left panel of Fig. 3 shows experimental (TM,TE) Raman spectrum data points and our curve fitting results, including constituent Lorentzians, for comparison with calculation. As can be seen by comparing the left and right panels in the figure, the lowest frequency peak is identified with the TE 00 GMPP (solid red curve) while the broad shoulder feature just below 9.0 THz is consistent with an agglomeration of various higher-order GMPP modes as shown. The TE 20 GMPP (dashed blue curve) is thought to be the primary contributor to the observed Raman peak. We make this assignment because, as asserted above, the NIR signal for this scattering event would also be in a TE 20 mode and the signal collection fibers are aligned to maximize coupling with even waveguide modes. The largest spectral feature near the bulk TO frequency at 9.1 THz is due to the combined effects of forward scattering into all the higher-order GMPP waveguide modes (not shown) and backscattering signal reflected into the forward direction at the input waveguide facet.
As mentioned earlier, more than fifty waveguides of this sort, with a variety of cross-sectional aspect ratios, have been studied in this work. Figure 4 shows the measured TE 00 and TM 00 GMPP frequencies versus waveguide widths for the two different waveguide thicknesses studied in this work. The frequency values were obtained through peak fitting and the vertical error bars on the data points represent the distribution of measured GMPP frequency for waveguides with a nominal common width. The horizontal error bars represent the average variation of the waveguide's measured width along its length. For each physical waveguide width and thickness, a numerical calculation was performed to determine the expected GMPP frequency using only measured and/or accepted values for the parameters as detailed above. The solid red and dashed blue lines in Fig. 4 represent the results of these calculations.
In our experiments, we have studied ten different widths and two different thicknesses of waveguides but it is clear from our analysis that the generated THz frequency could generally be tuned using any method that alters the effective mode indices at the pump, Stokes, and/or THz frequencies. It is noteworthy from our data that the generated THz frequency is most strongly affected by changes in the material dimension along the GMPP polarization direction, with TE GMPPs affected strongly by width and TM GMPPs by thickness. This strong dependence is mimicked in the THz effective mode index calculation with n eff:mn being very sensitive to changes in width for TE modes and thickness for TM modes. Confining surfaces along the direction of polarization are also responsible for the LO/TO phonon mixing mentioned earlier.
The connection between these two phenomena is evidenced by comparing the top three Raman spectra shown in Fig. 2 . The (TE,TM) and (TM,TE) scattering configurations result in nearly identical spectra because both produce a GMPP polarized along the 5.3-µm width. The (TE,TE) configuration, however, produces a GMPP polarized along the 2.5-µm thickness and, hence, shows significant differences not only in the GMPP fundamental mode but also in the LO phononplasmon mode. For a symmetric waveguide, these three spectra would be indistinguishable.
The results presented here not only advance the understanding of polaritons in guiding geometries but also have significant practical implications. A variety of three-wavemixing approaches in semiconductor waveguides are under investigation for integrated THz sources 9, 11, 13, 30 or stimulated Raman amplifiers. 31, 32 In either case, efficient photon generation only occurs at difference frequencies corresponding to the intersection between the THz phase-matching curve and dispersion curve. Our results and analysis show how the properties of the waveguide itself are critically related to the allowed THz frequencies through the modal properties of the guided-mode polariton. For example, a differencefrequency-generation-based THz source at frequencies below the TO resonance can be implemented by coupling two laser sources with angular frequencies ω p and ω s . A slotted, suspended waveguide can be employed to enable in situ MEMS tunability in the waveguide index and dispersion, which would in turn enable tunability in the frequency of phase-matched Thz generation. 33 Such stimulated polariton scattering is simply near-resonant difference-frequency generation using the ionic rather than electronic part of the second-order susceptibility χ (2) i (ω p ,ω s ; ω p − ω s ) with the polariton generated at ω p − ω s near ω TO . The difference-frequency-generation efficiency would be limited by absorption, but significant THz generation could still be realized by continuously coupling the THz wave out of the waveguide over length scales roughly equal to the absorption length, or simply by working at frequencies red enough from ω TO to minimize loss. Furthermore, if a resonant cavity at the Stokes frequency comprised of distributed feedback mirrors along the length of the waveguide were employed, it should be possible to achieve optical parametric oscillation with only one CW laser input leading eventually to integrated, compact tunable THz sources.
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